were the first to establish the total-factor energy efficiency (TFEE) index by means of the data envelopment analysis (DEA) approach. Some extended studies include Honma and Hu (2008) [3] , in which the TFEE indices of 47 prefectures in Japan were measured. Many studies have extensively applied the TFEE index to different issues such as Zhou et al. (2008) [4] , who measured energy efficiency by considering undesirable outputs. Zhou et al. (2010) [5] combined the method of TFEE and the Malmquist productivity index to measure carbon dioxide (CO 2 ) emission performance of the world's 18 top CO 2 emitters in 1997-2004. Li and Hu (2012) [6] computed the ecological total-factor energy efficiency of 30 regions in China through the slack-based DEA model with two undesirable outputs: carbon dioxide and sulphur dioxide (SO2). The articles mentioned above show that the issue of energy and environmental (E&E) performance should be discussed together.
Mandal (2010) [7] pointed out that when the energy efficiency measurement ignores the environmental influence of an undesirable output, then this will cause biased estimates of energy efficiency. Zhou et al. (2008) [4] reviewed hundreds of E&E studies that separate the output factors into desirable outputs and undesirable outputs. Based on this line, Yang and Pollitt (2010) [8] suggested the necessity for properly distinguishing disposability features among undesirable outputs in a production process. Sueyoshi and Goto (2011) [9] discussed the importance of output separation in assessing the performance of energy firms, since fossil fuel power generation creates not only a good output, i.e., electricity, but also a bad output, i.e., CO 2 emissions. Sueyoshi and Goto (2012a; 2012b) [10] [11] used a non-radial measurement to estimate operational, environmental, and overall efficiencies.
The earliest efficiency concept was provided by Farrell (1957) [12] . Thereafter, Charnes et al. (1978) [13] and Banker et al. (1984) [14] contributed the famous radial-DEA model, which are respectively the CCR-DEA model with the assumption of constant returns to scale and the BCC-DEA model with the assumption of variable returns to scale. The criterion of efficiency means that producing more outputs correlates to less input resources. In the radial-DEA model, efficiency improvement means that the output factors or (and) input factors should have the same proportional change. When undesirable outputs are considered, the efficiency concept should change since the technology with more desirable outputs, fewer undesirable outputs, and fewer input resources should be recognized as being efficient.
The slack-based (SBM) DEA model, different from the radial-DEA model, was proposed by Tone (2001) [15] , in which the input or output factors are not assumed to change proportionally. Tone (2003) [16] extended the SBM-DEA model to solve the undesirable output problem. The hybrid SBM-DEA model provided by Tone (2004) [17] also has the ability to treat the undesirable output problem. More and more papers have applied the SBM-DEA model to the analysis of environmental issues, such as Zhou and Ang (2006) [18] , who proposed two slack-based efficiency measurements, in which the first slack measures environmental performance and the second measures the impact of environmental regulation.
The following paper presents recent studies on energy and environmental efficiency through the SBM-DEA model, including Zhou et al. (2013) [19] , who marked the different environmental efficiencies of the power industry among Chinese provinces. Lu et al. (2013) [20] [23] employed the Malmquist index to measure input-oriented efficiency change, which is used to measure productivity growth. Färe et al. (1994) [24] decomposed the Malmquist index and found that the sources of productivity growth are technical progress and efficiency change. Standing on the wave of global warming and climate change, the dynamic changes of energy and emissions efficiencies also have become hot topics in the literature. Ramanathan (2005) [25] used the DEA approach to investigate the energy consumption and carbon dioxide emissions of 17 countries of the Middle East and North Africa, and the patterns of changes in energy consumption and carbon dioxide emissions were also analyzed by using the Malmquist index. Kim and Kim (2012) [26] employed the DEA approach with CO 2 emissions to conduct a cross-country analysis in which they identified the technical change and technological efficiency change in each economy's subsector, including agriculture, manufacturing, and service. Some studies have used the Malmquist index to measure dynamic energy efficiency, such as Wei et al. (2007) [27] and Chang (2016) [28] ; some papers measured dynamic carbon emissions efficiency though the Malmquist index, such as Zhou et al. (2010) [5] and Zhang et al. (2015) [29] .
In DEA articles the decision-making unit (DMU) can be a country, industry, or firms that may exhibit differences such as rich and poor countries, manufacturing and electronics industries, or public and private firms. In order to measure the performances among heterogeneous DMUs, O'Donnell et al. (2008) [30] provided the non-parametric meta-frontier approach. This approach has also been applied to the issue of energy and emissions efficiencies, such as Li and Lin (2015) [31] , and Yao et al. (2015) [32] . The former paper used a meta-frontier framework to measure energy efficiency performance with CO 2 emissions in 30 provinces of China, while the latter study incorporated the idea of China's region-heterogeneity to evaluate energy efficiency, carbon emission performance, and the potential of carbon emission reductions in China. Yao et al. (2015) [32] further pointed out that if DMU-heterogeneity is not considered in the performance evaluation, then the calculated results may cause a bias.
Our study takes the members of G7 and BRICS as an example to evaluate their resource efficiency, which includes energy and emissions efficiencies and resource productivity change. Due to heterogeneity among the 12 countries, the meta-frontier idea is applied herein in order to avoid bias in the estimated results. This paper's basic model framework is a non-oriented and non-radial DEA model, which was contributed by Chang (2015) [33] in which the best-practice frontier is used to measure operational efficiency, the worst-practice frontier is used to measure environment efficiency, and overall efficiency combines the operation and environment efficiencies. In order to apply the Chang (2015) [33] model into the meta-frontier framework and the dynamic efficiency estimation, we set up a variation of that model in which the weights of operational efficiency and environmental efficiency are one half, meaning that the 2 efficiencies are the same focus for the decision maker. Wang et al. (2015) [34] also suggested a weight setting of one half. Hence, the characteristic of this study is that we apply a variation of the Chang (2015) [33] 
Methodology
The direction distance function (DDF) method in the DEA model not only has a strong connection between the radial and the non-radial DEA models, but a good characteristic to handle the desirable and undesirable outputs in the production process. This study applies the new DEA-DDF model proposed by Chang (2015) [33] (1) , i.e., α xi = β xi , means that the input factors x i in the operational efficiency measurement and those in the environmental efficiency measurement exhibit the same reduction in order to estimate the productions of desirable and undesirable outputs under the same usage of input factors. The symbols X, G, and B are the respective vectors of input, desirable output, and undesirable output. The symbol λ is the vector of weights of the DMU 0 used for connecting the input factors and the output factors by a linear combination of each DMU. The first term in the objective function is operational efficiency, and the second term is environmental efficiency. The whole objective function is used to measure overall efficiency.
Based on Model (1), this study creates the resource efficiency measurement index (SEMI), which is a ratio of target value (TV) and real value (RV). Following this line, the SEMI for inputs, desirable outputs, and undesirable outputs are:
where the SEMI value is between 0 and 1. If the SEMI value approaches 0 (1), then it means that the real value is far from (close to) the target value and thus presents low (high) resource efficiency. Model (1) can also be applied to the meta-frontier issue in which there is heterogeneity among the DMUs.
Based on the meta-frontier idea from the initial work by O'Donnell et al. (2008) [30] and the application work by Wang et al. (2013) [35] , all DMUs can form the meta-frontier (MF), and group DMUs can form the group frontier (GF) and then use them to calculate the technology gap ratio (TGR) as follows:
where TGR 0z represents the technology gap ratio of DMU 0 in the z th group, MF 0z represents DMU 0's efficiency under the meta-frontier, and GF 0z represents DMU 0's efficiency under the group frontier. Since the group frontier is a subset of the meta-frontier, MF 0z ≤ GF 0z must be hold, which causes the value of TGR 0z to range from 0 to 1. When the TGR value approaches 1 (0), it means that DMU 0's production technology gap is small (large) and GF is close to (far from) MF.
Model (1) is a static efficiency measurement. This study extends Model (1) into a dynamic efficiency measurement in which the time factor is in the model: (4) Given that r = t and s = t, the variables X t , G t , and From the idea of the Malmquist productivity index (MPI), the total factor productivity (TFP) change can be measured as follows:
Equation (5a) ((5b)) implies that TFP change (TFPCH) from time t to time t+1 is based on the reference technology at time t (t+1). Via the TFPCH index, DMU 0's MPI can be defined as:
where the first term is the technical efficiency change (TECH) index, and the second term is the technical change (TCH) index.
Empirical Analysis
This section takes the members of BRICS and G7 as an example to discuss resource efficiency and productivity change.
Data Description
The data source of BRICS and G7 is the website of the World Bank. The empirical analysis uses three input factors, including capital, labor, and energy use, one desirable output (i.e., gross domestic product -GDP), and one undesirable output (i.e., CO 2 emissions). The data period is from 2000 to 2010, and all financial data are transferred into real variables with the basic price level at the year 2010. The variable choice in this paper is the same as the E&E research by Mandal (2010) [7] , Guo et al. (2011) [36] , Choi et al. (2012) [37] , and Wu et al. (2012) [38] . The data descriptive statistics are in Table 1 .
The information in Table 1 presents the members of G7 and BRICS in which the rich countries always have higher real GDP, lower CO 2 emissions, higher real capital, lower labor numbers, and lower of energy use numbers than poor countries. However, some interesting points appear in the standard deviation of variables in which rich countries have a large deviation on the real GDP, real capital, and energy use; and poor countries show a large deviation on CO 2 emissions and the amount of labor. For economic performance, there is a large gap among the G7 members while a relatively consistent economic outcome appears among BRICS; for environmental performance, a large CO 2 emissions gap occurs in BRICS, and a large energy use gap occurs among the G7.
Generally speaking, a G7 country with a capitalintensive industry owns more wealth than a member of BRICS with a labor-intensive industry. Since Brazil, Russia, India, and China make up 43% of the world's population (Yao et al., 2009) [39] , these countries always use more labor at a relatively cheaper price than capital as the input factor. According to information from the World Bank (2014) [40] , the energy consumption of BRICS is more than that of the G7 in 2010; however, this phenomenon is continuous, since Table 1 shows that the mean of energy consumption of BRICS from 2000 to 2010 is larger than that of the G7. Table 1 also shows that the mean of energy intensity of BRICS (0.459) is higher than that of the G7 (0.137); and the mean of carbon intensity of BRICS (1.324) is far higher than that of the G7 (0.325), implying that the world will face energy and ecological catastrophes if these emerging countries' consumption of energy continues to be inefficient.
The result of G7's absolute advantage changes when the target values of GDP, CO 2 emissions, and energy consumption are considered by the DEA approach such as by Chang (2015) [33] , who found that the G7 group has weaker performance in the room for improvement of carbonization value than the BRICS group before 2005. Hence, the DEA approach is valuable for analyzing and comparing the different resource efficiencies and productivity changes between the G7 and BRICS. Overall Efficiency and Disaggregate Efficiency Table 2 shows the values of overall efficiency for the 12 countries of the G7 and BRICS, which are estimated by Model (1) . Within the 12 countries, only France and the United States among the G7 reach the best-practice frontier, while no BRICS member reaches it. The result fits common knowledge that a developed country has better economic and environmental efficiency than a developing country. The average overall efficiency for all countries reaches the highest in 2010, in which 8 of the 12 countries go to the best frontier, except for Japan, India, Russia, and South Africa. The worst 3 average overall efficiencies from 2000 to 2010 are Russia, India, and China.
The overall efficiency of the G7 is generally better than that of BRICS (Table 2 ). Hence, the study divides the 12 countries into the G7 and BRICS groups in order to discuss the 2 groups' disaggregate efficiencies. By this way, the source of overall inefficiency can be investigated. Based on Eq. (2), the resource use efficiency for all input and output factors can be computed, and they are represented by the figures as follows. Fig. 1 shows that the efficiencies of real capital and labor for the G7 and BRICS groups are similar, except for real capital efficiency in 2000. These 2 groups have a large difference in energy use efficiency. After 2000, the energy use efficiency of the G7 group is always larger than that of the BRICS group. Specifically, the G7 group's energy use efficiency always maintains a constant trend, but there is a large wave in the BRICS group's energy efficiency performance. On the product side, no matter for GDP or CO 2 emissions, the performances of the G7 are always better than that of BRICS; and their GDP performances are better than their CO 2 emission ones. Hence, the G7 and BRICS have similar performances on traditional input factors such as capital and labor, but have a large performance difference on energy use and CO 2 emissions. The large difference in GDP performance and CO 2 emissions is caused by energy use rather than traditional input factors.
Productivity Change Analysis
The paper uses Eq. (3) to measure the TGR of overall efficiency in the G7 and BRICS groups. Based on the TGR definition, if the TGR value is closer to one, then it implies that the individual frontier is also closer to the overall frontier, i.e., the meta-frontier. Fig. 2 shows the trend of the average TGR of the G7 and BRICS groups from 2000 to 2010, respectively; there is a large gap in the TGR value between the G7 and the BRICS groups in which the TGR values in the former are stable above 0.998, and the TGR values in the latter have a large fluctuation during the data period. It implies that the G7 group, with the top technology in resource management, possesses the best utilization yield in resource and performance; on the contrary, the BRICS group has weaker resource management technology than G7. This result is consistent with the fact that the G7 group exhibits high efficiencies in energy use, GDP, and CO 2 emissions. Hence, the BRICS group should further update and import advanced technology from the G7 group to improve its own energy management and to be more aware of environmental protection. De Castro Camioto et al. (2016) [41] assert that the G7 and BRICS are statistically different groups. This paper uses Eqs (4), (5), and (6) to estimate TFPCH, TECH, and TCH. Table 3 demonstrates TFPCH for each member of the G7 and BRICS during the data period. When the TFP value equals one, it indicates that the country's productivity is the same as the productivity in the previous year; when the TFP value is larger (smaller) than one, it indicates that the country's productivity has improved (deteriorated) relative to productivity in the previous year. The result in Table 3 shows that the average values of TFP during the whole data period in the 2 groups are 99.5% and 89.9%, respectively. Both of their average values of TFP are smaller than one, which implies that the 2 groups show deterioration in total factor productivity from 2000 to 2010. The gaps between 99.5%, 89.9%, and 100% are 0.5% and 10.1%, meaning that the G7 and BRICS groups face TFP deterioration at average rates of 0.5% and 10. The information in the final column of Table 3 shows that 3 countries out of the whole sample of Italy, Japan, and China have a positive TFP change during the data period, and their TFP changes for each year are 3.7%, 2.8%, and 5.1%, respectively. The countries with a TFP value of one are France and the United States, while negative TFP growth appeared in 7 countries, with the top 2 being South Africa with a TFP change of -26.6% and Russia at -17.4% per year. The trend of TFPCH for each country from 2000 to 2010 shows that South Africa had the largest TFP deterioration in 2001-2002, and its deterioration ratio is 64.5%, followed by Russia, Canada, Table 3 . Total factor productivity change for each member of the G7 and BRICS.
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and Brazil, whose TFP deterioration ratios are 42%, 20.8%, and 16.6%, respectively. After 2005, when the Kyoto Protocol became enforced, many countries in the world began to pay attention to a balance between economic growth and environmentally sustainable development. The information in Table 3 shows that Canada had the largest TFP improvement of 30% in 2009-2010, whereas 3 members of BRICS also presented positive TFP change. The highest TFP growth is South Africa with a growth ratio of 19.6%, followed by Russia and India at 3.9% and 3.2%, respectively. The reason these 3 had TFP growth is because their real GDP increased and CO 2 emissions decreased. Table 3 also presents the average annual TFPCH for the 2 groups. Before 2008, TFPCH of the G7 is always better than that of BRICS. After 2008, TFPCH of the G7 fell rapidly and then recovered quickly during the next year. Canada had TFP deterioration of 23.4%, followed by the United Kingdom at 12.8% and Germany at 11.1% for 2008-2009. Based on this result, the global financial crisis from 2008 to 2009 had a more serious impact on the G7 than on BRICS. Table 4 presents the values of TECH, TCH, and TFPCH in which TFPCH is the product of TECH and TCH. The DMU clusters to the frontier or disperses from the frontier, depending on its TECH value being greater or less than one, and the catch-up or fall-behind effect of a DMU depends on its TCH value being greater or less than one. According to the information in Table 4 , the TFP for all countries of the G7 and BRICS declined 4.6% per year from 2000-2010. The reason that TFP deteriorates is caused by the technology recession, since the TCH value is 0.937 less than one. This result illustrates that the technology regression in all sample countries has an average value of 6.3% per year; on the contrary, all sample countries have technical efficiency progression at an average value of 1.8% per year.
For a comparison between the G7 and BRICS, the latter has a more serious technology regression than the former, but the latter has better technical efficiency improvement than the former. Even so, all countries of BRICS face technological deterioration during the data period. In terms of technical efficiency, only 2 countries (i.e., Japan and India) face technical efficiency deterioration, which is caused by inefficient resource use. From the viewpoint of TFPCH, the G7 group and the BRICS group face TFP deterioration of 0.5% and 10.1% per year, respectively, indicating that the latter has a more serious recession in TFP than the former. The source of TFP deterioration is caused by technology recession instead of technical efficiency change.
Discussion
This section extends the discussion to disaggregate efficiency by using the Boston Consulting Group (BCG) matrix and the environmental Kuznets curve (EKC).
Disaggregate Efficiency in the BCG Matrix
Our study uses the BCG matrix with the x-axis as energy efficiency and y-axis as emissions efficiency to discuss the development trace of the G7 and BRICS. Based on the idea of the BCG matrix, the average values of energy efficiency and emissions efficiency divide the plane into 4 quadrants. The first quadrant stands for "green area" and includes the DMU with high energy efficiency and emissions efficiency values; the second quadrant stands for "question mark area" and includes the DMU with low energy efficiency but high emissions efficiency; the third quadrant stands for "traditional area" and includes the DMU with low energy efficiency and emissions efficiency; and the fourth quadrant stands for "developing area" and includes the DMU with high energy efficiency, but low emissions efficiency. The development trace shows that the G7 group is always located in the "green area" and the BRICS group is initially located in the "traditional area" and then moved to the "developing area." The trace of the G7 group means that it owns mature energy and environmental management, and the trace of the BRICS group means that it has improved in energy and environmental management over time.
In order to find the reasons that cause the differing energy and emissions efficiencies between the G7 and BRICS, the study adopts the 2-sample t-test to find the answer. The explanation variables found on the World Bank website and the test results are listed in Table 5 , in which the pump price for diesel fuel, pump price for gasoline, and energy intensity significantly impact the efficiency values of the 2 groups. The low pump prices of diesel fuel and gasoline mean that a country incurs a low cost to use the resources of diesel fuel and gasoline, which will result in a resource waste problem. The result also illustrate that BRICS have lower energy efficiency than the G7 (Fig. 3) . Energy intensity also significantly impacts energy efficiency and emissions efficiency in the G7 and BRICS, since a lot of energy use with low cost creates less GDP, but a lot of CO 2 emissions in the BRICS group. The main reason for the big differences in 
Energy intensity
Energy intensity is the ratio between energy supply and GDP measured at purchasing power parity. Energy intensity is an indication of how much energy is used to produce one unit of economic output. GDP, CO 2 emissions, and energy use between the G7 and BRICS is due to the difference in TFP, and the difference in TFP is caused by the technology gap.
The Environmental Kuznets Curve
In the past, economic development and environmental quality have not always kept a strong balance. The environmental Kuznets curve (EKC) can describe the relationship between economic development and environmental protection. Based on the EKC idea, income per capita is used as a proxy for economic development, and pollution emissions are used as a proxy for environmental quality. The theoretical EKC was constructed as an inverted U-shaped relationship in which environmental pressure increases up to a certain level as income rises; after that, environmental pressure decreases (Dinda, 2004) [42] . Stern et al. (1996) [43] empirically supported that there is an inverted U-shaped relationship between environmental degradation and income per capita.
This paper employs per capita GDP as a proxy for economic growth and per capita CO 2 emissions as a proxy for environmental pressure. The empirical result appears in Fig. 4 , in which there is an N-shaped EKC for all the G7 and BRICS. Fig. 4 also depicts the relationship between per capita GDP and per capita energy use, which is also N-shaped. Some empirical studies support the finding that EKC is N-shaped instead of inverted U-shaped, such as Grossman and Krueger (1991) [44] , who were the pioneers in finding the N-shaped EKC, followed by Akbostancı et al. (2009) [45] , He and Richard (2010) [46] , and Fodha and Zaghdoud (2010) [47] . Aside from the N-shaped EKC, 2 curves in Fig. 4 have a similar trace, which implies that the CO 2 emissions and the amount of energy use have a direct relationship, and that the CO 2 emissions and energy use are also related. This paper's EKC does not exhibit an inverted U-shape. The countries on the left side of EKC are almost all developing countries with low per capita GDP, while the others on the right side of EKC are developed ones with high per capita GDP. Two critical points are on the N-shaped EKC in which environmental quality improves when the country's per capita GDP increases, and then environmental quality deteriorates when the country's per capita GDP further increases. Under the inverted U-shaped EKC framework, the study divides the countries into rich and poor countries; however, under the N-shaped EKC framework, the countries need to be divided into three levels: low, medium, and high incomes. Levinson (2002) [48] provided 2 viewpoints to argue for the inverted U-shaped EKC. The first point is that the data scale may impact the EKC path to specifically analyze long-term data; and the second is that the EKC shape may be influenced by the side effect of desirable output. Fig. 4 shows that the countries with low per capita GDP include Brazil, China, and India, which also have relatively high per capita CO 2 emissions, and high per capita GDP countries also have relatively more per capita CO 2 emissions. Countries with per capita GDP at the medium level own a relatively high per capita GDP versus the low per capita GDP countries, but their per capita CO 2 emissions are lower than the low per capita GDP countries and the high per capita GDP ones. Hence, the N-shaped EKC is the result that pools all members of the G7 and BRICS together, and their per capita GDP can be divided into 3 different levels. Furthermore, countries with low per capita GDP and high per capita GDP face a high level of CO 2 emissions; only those countries with per capita GDP at the medium level face the lowest CO 2 emissions. The N-shaped EKC also implies that developed countries should take note of environmental awareness again. 
Conclusions
This study investigates resource efficiency and productivity change among the G7 and BRICS by applying the non-oriented static and dynamic DEA models. Some extension issues such as the technical gap and EKC are also discussed by the meta-frontier approach and BCG matrix. The study results show that TFP for all of the G7 and BRICS deteriorates at an average value of 4.6% due to technical recession. Specifically, some G7 countries suffered from a serious technical recession during the 2008 global financial crisis. Even so, all 12 sample countries still exhibit positive technical efficiency progression during the data period. A comparison between the G7 and BRICS groups shows that the former has better TFP and technical levels than the latter, whereas the latter has larger technical efficiency improvement than the former. This result shows that the BRICS group is moving to the frontier and also implies that resource use in this group is becoming more and more effective. Being the main emerging market in the world, China exhibits TFP improvement, but this improvement is caused by technical efficiency improvement instead of technical progression.
The BCG matrix analysis shows that the G7 group is always located in the green area, which stands for high energy efficiency and high CO 2 emissions efficiency. However, the BRICS group is moving from the traditional area, which stands for low energy efficiency and low CO 2 emissions efficiency, to the developing area, which stands for low CO 2 emissions efficiency, but high energy efficiency. This result implies that the energy efficiency of the BRICS group is improving. This paper finds that the reason includes the cheap prices on diesel fuel and gasoline, and the high energy intensity in the BRICS group that causes the BRICS group to be more ineffective than the G7 group. This paper also finds an N-shaped EKC when polling all 12 countries. This result is different from the theoretical inverted U-shaped EKC. The N-shaped EKC implies that high per capita CO 2 emissions appear not only in low per capita GDP countries, but also in high per capita ones, and that countries with a medium per capita GDP level have the lowest per capita CO 2 emissions.
According to the general idea, the G7's TFP is superior to that of the BRICS group. However, our paper finds that the BRICS group's advantages include its technological efficiency improvement being better than the G7 group, and its energy efficiency is also improving over time. In addition, we also note that the G7 group should pay attention in the future as it suffers from technical deterioration, and the phenomenon of high CO 2 emissions also appears in some G7 members. A future study can continuously extend the data period by adding the latest data to encompass resource use efficiency, productivity change, and EKC shape.
